All sequencing data files are available from the National Center for Biotechnology Information Gene Expression Omnibus database (Accession No: GSE89916).

Introduction {#sec001}
============

Head and neck cancer (HNC) is the sixth most common malignancy worldwide \[[@pone.0186873.ref001]\]. Approximately 48% of HNC cases occur in the oral cavity, of which 90% are oral squamous cell carcinoma (OSCC) \[[@pone.0186873.ref002]\]. The development of OSCC involves multiple steps from hyperplastic lesion, through dysplasia and carcinoma *in situ* to invasive disease \[[@pone.0186873.ref003]\]. This process is a result of multiple accumulated genetic and epigenetic changes in a variety of cellular pathways \[[@pone.0186873.ref002]\]. Despite advances in treatment modalities, 5-year survival of OSCC has remained at \~50% for the past decades, mostly due to the high risk of developing secondary primary tumors. Early detection of OSCC represents one of the most promising approaches to improving survival \[[@pone.0186873.ref004]\].

Animal models that closely recapitulate the molecular and pathological process of oral carcinogenesis can assist in the identification of molecular targets for early detection and in monitoring the efficacies of therapeutic and chemopreventive agents \[[@pone.0186873.ref002]\]. We previously reported that topical application of dibenzo\[*def*,*p*\]chrysene (also known as dibenzo\[*a*,*l*\]pyrene, DBP) into the oral cavity induced OSCC in B6C3F~1~ mice \[[@pone.0186873.ref005]\]. We recently reviewed the literature and concluded that DBP is the most potent carcinogenic polycyclic aromatic hydrocarbons (PAH) found in tobacco smoke to induce oral cancer in animal models \[[@pone.0186873.ref006]\]. Tobacco consumption is a major risk factor of oral cancer, and PAH, one of the major classes of carcinogens in tobacco smoke, have been recognized as potential etiological agents for oral cancer \[[@pone.0186873.ref007]--[@pone.0186873.ref010]\]. Although DBP is found at lower levels in environmental sources and in cigarette smoke than the most extensively studied prototype PAH benzo\[*a*\]pyrene (BaP), its remarkable carcinogenicity in animal models suggests it can pose a cancer risk to humans \[[@pone.0186873.ref011]\].

Similar to other PAH carcinogens, DBP can be metabolically activated to yield various types of reactive metabolites including diol-epoxides, *o*-quinones, and radical cations. It is expected that these metabolites could damage DNA through formation of covalent DBP-DNA adducts, generation of reactive oxygen species (ROS) and depurinating adducts \[[@pone.0186873.ref011], [@pone.0186873.ref012]\]. Many types of DNA damage (covalent DNA adducts, oxidative lesions, abasic sites, photodimers, etc.) have been shown to alter DNA methylation *via* various mechanisms associated with the formation of DNA lesions or by inhibition of DNA methyltransferases (*Dnmts*) \[[@pone.0186873.ref013]--[@pone.0186873.ref016]\]. DNA methylation is an epigenetic mechanism for regulating gene function that is usually associated with inhibition of promoter activity and chromatin repression. In the early and precancerous stages, DNA methylation patterns display specific aberrations and may confer susceptibility to further genetic or epigenetic changes \[[@pone.0186873.ref017]\]. Hypermethylation (gain of methylation) of tumor suppressor genes as well as hypomethylation (loss of methylation) of oncogenes are common events in carcinogenesis. Aberrant DNA methylation has been identified in the progression of OSCC and been implicated as key events in oral carcinogenesis \[[@pone.0186873.ref017]--[@pone.0186873.ref020]\]. With the advent of genome-wide technology in recent years, new hypermetylated as well as hypomethylated loci were also discovered in different stages of oral cancer \[[@pone.0186873.ref021]--[@pone.0186873.ref023]\]. Molecular alterations that occur in OSCC could represent the consequence of cancer development and thus alterations in histologically normal tissues and persist in OSCC could potentially serve as early biomarkers for disease progression. Furthermore, the use of DNA methylation as markers for early detection of cancer may provide better sensitivity and more stable samples as compared to the use of protein or mRNA \[[@pone.0186873.ref024]\].

In this study, we examined the effect of DBP on DNA methylation in histologically normal oral tissues of mice treated with DBP. Based on our previously established animal bioassays \[[@pone.0186873.ref005], [@pone.0186873.ref025]\], oral tissues with maximum levels of DBP-DNA adducts were isolated from the same anatomic sites of mice treated with DBP or vehicle and subjected to genome-wide DNA methylation analysis using Enhanced Reduced Representation Bisulfite Sequencing (ERRBS) method coupled with next generation sequencing \[[@pone.0186873.ref026]\].

Materials and methods {#sec002}
=====================

Animals and carcinogen treatment {#sec003}
--------------------------------

To mimic the bioassay employed in our previous carcinogenicity and DNA adduct studies \[[@pone.0186873.ref005], [@pone.0186873.ref025], [@pone.0186873.ref027], [@pone.0186873.ref028]\], eight week-old female B6C3F1/J mice (Jackson Laboratories, Bar Harbor, ME) were used in this study. Mice were quarantined for about 1 week before treatment. All mice were kept on a 12-hr light:12-hr dark cycle, maintained at 50% relative humidity and 21± 2°C, and were fed with AIN-93M diet (5% corn oil), and water *ad libitum*. The bioassay was carried out in accordance with the NIH Guide for the Care and Use of Laboratory Animals and was approved by Institutional Animal Care and Use Committee.

Mice received topical treatment of DBP (24 nmol, 3 times per week for 5 weeks) in the oral cavity and were euthanized 48 h after the last dose; this time point was selected based on our previous study showing maximum levels of DNA adducts \[[@pone.0186873.ref025]\]. Animals treated with dimethyl sulfoxide (DMSO) as the vehicle were used as control. At termination, mice were euthanized by CO~2~ asphyxiation; oral tissues were isolated from the same anatomic sites of mice treated with vehicle or DBP (soft tissues of the oral cavity, including the buccal mucosa and floor of the mouth as well as soft tissues attached to the hard palate) and pooled together for DNA extraction.

Whole genome ERRBS analysis {#sec004}
---------------------------

Genomic DNA from oral tissues of mice treated with DBP or DMSO were extracted and purified according to the DNeasy Blood and Tissue kit (Qiagen). DNA was then subjected to ERRBS to examine the DNA methylation status in CpG sites and the surrounding regions with single nucleotide resolution \[[@pone.0186873.ref026]\]. Briefly, 50 ng of genomic DNA was digested by MspI (Thermo Scientific), which recognizes and cleaves C\^CGG sites, followed by end repair, adenylation and adapter ligation using NEXTflex Bisulfite-Seq Library Prep Kit and NEXTflex Bisulfite-Seq Barcodes (Bioo Scientific) with a modification of bead size selection to capture MspI fragments of 70--320 bp size. The resulting libraries were bisulfite-converted by using EZ DNA Methylation Kit (Zymo Research), followed by 18 cycles of PCR amplification using the NEXTflex Bisulfite-Seq U+PCR Master Mix and NEXTflex Primer Mix (BioO Scientific). Purified and quantified libraries were pooled at 6 samples per sequencing lane and read by 1X50 bp on HiSeq 2500 (Illumina). CASAVA-demultiplexed.fastq files were subjected to downstream analyses.

Sequence alignments and differential methylation analysis {#sec005}
---------------------------------------------------------

Base calls of bisulfite treated sequencing reads with phred quality scores \< 20 were trimmed and the adaptor was cut using trim_galore v0.3.3 (Babraham Bioinformatcis, UK). Resulting reads were mapped to the mm9 mouse assembly and methylation calls were performed using Bismark v0.10.1 (Babraham Bioinformatcis, UK). The alignment workflow, which utilized Bismark \[[@pone.0186873.ref029]\] started by converting sequencing reads *in silico* into a fully bisulfite-converted form \[C-to-T or G-to-A version (equivalent to a C-to-T conversion on the reverse strand)\]. Then, each of them was aligned to equivalently converted versions of the reference genome using two parallel instances of the short read aligner Bowtie \[[@pone.0186873.ref029]\]. The methylation state of positions involving cytosine is determined by comparing the read sequence with the corresponding genomic sequence. The methylKit (version 0.9.2) R package \[[@pone.0186873.ref030]\] was then used to calculate the differential methylation between control *vs* DBP using the following parameters: bases with coverage below 10× and bases that had more than 99.9^th^ percentile of coverage were discarded in each sample, read coverage distributions between samples were normalized and reads on both strands of a CpG dinucleotide were merged to provide better coverage. This software implements the Benjamini-Hochberg false discovery (FDR)-based method for *P*-value correlation and only differentially methylated bases with *q*-value \< 0.01 and percent methylation difference \> 25% and \>10%were extracted. These were annotated with genetic parts information from the UCSC Table Browser (mm9 refGene table).

Quantitative real-time polymerase chain reaction (RT-PCR) {#sec006}
---------------------------------------------------------

Total RNA was extracted and purified from oral tissues of mice treated with DBP or vehicle (*n* ≥ 3 per group) according to the RNeasy kit (Qiagen Inc. Hilden, Germany). Total RNA was reverse transcribed in the presence of SuperScript II reverse transcriptase (Invitrogen Inc. Carlsbad, CA). Real-time PCR was performed using TaqMan® primer/probe sets on a QuantStudio™ 12K Flex Real-Time PCR System (Life Technologies,Carlsbad, CA). The primer assay IDs are listed in [S1 Table](#pone.0186873.s001){ref-type="supplementary-material"}. Relative gene expression was assessed using TATA-binding protein (TBP) or β-actin as internal reference genes. All reactions were performed in triplicate and fold changes were determined using the 2 ^-ΔΔCt^ method. The C~t~ is the value where the real-time PCR curve crosses the threshold in the linear part of the curve \[[@pone.0186873.ref031]\].

Histology and immunohistochemistry {#sec007}
----------------------------------

Normal oral tissues harvested from mice treated with DBP and DMSO for 5 weeks were fixed in formalin, embedded in paraffin and then sectioned. Hematoxylin and eosin (H&E) staining was conducted (*n* = 3 per group) to examine the histological status of oral tissues. Normal oral tissues from mice treated with DBP for 38 weeks as well as OSCC induced by DBP were obtained from our previous studies \[[@pone.0186873.ref005]\] and were processed as described above.

Immunohistochemistry for FGF3 in normal oral tissues and archived OSCC (obtained from our previous bioassay \[[@pone.0186873.ref005]\] were performed using an indirect immunoperoxidase method in an automated Ventana Discovery XT stainer. Briefly, 5 μm sections were heated to 60°C, deparaffinized in xylene, rehydrated in graded alcohols, and rinsed with water. The tissue sections were then subjected to a standard microwave antigen retrieval procedure before being blocked by hydrogen peroxide. Slides were incubated sequentially with diluted anti-FGF3 polyclonal antibodies (Novus Biologicals Inc, cat\#NB200-603) overnight at 4°C and then with biotinylated goat anti-rabbit secondary antibodies (1:1200 dilution, Vector Laboratories, Inc) for 40 min at room temperature. After washing, sections were incubated at streptavidin peroxidase (BoehringerMannheim, Indianapolis, IN) and visualized by incubating with 3, 3-diaminobenzidine-tetrahydrochloride solution (DAKO Corporation, Carpinteria, CA) for 1 min. The slides were thoroughly washed with tap water and counterstained with a modified Harris hematoxylin (Fisher Scientific, Fairlawn, NJ). All slides were examined by ACVP diplomate veterinary pathologist (TK) blinded to treatment. Additional examination was performed by another pathologist (CC). All light microscopic images were obtained with an Olympus BX51 microscope and DP71 digital camera using cellSens Standard 1.12 imaging software (Olympus America, Center Valley, PA).

Results {#sec008}
=======

Genome-wide bisulfite sequencing in oral tissues of mice {#sec009}
--------------------------------------------------------

DNA isolated from normal oral tissues of mice treated with DBP or DMSO for 5 weeks was subjected to ERRBS analysis which is a modified version of RRBS with improved coverage of regions both within and outside CpG islands. Combined with next generation sequencing, this approach provides a quantitative, single nucleotide resolution on the status of DNA methylation in CpG sites as well as the surrounding regions \[[@pone.0186873.ref026]\]. The sequencing data have been deposited in the National Center for Biotechnology Information Gene Expression Omnibus database (Accession No: GSE89916).

The coverage of each control (DMSO) and treated (DBP) sample are illustrated in [S1 Fig](#pone.0186873.s005){ref-type="supplementary-material"} which the read depths are displayed on the x-axis and the total numbers of reference bases that occupy each read depth are displayed on the y-axis. Consistent with the literature \[[@pone.0186873.ref032]\], the overall methylation levels of CpG showed a similar bimodal distribution among samples ([S2 Fig](#pone.0186873.s006){ref-type="supplementary-material"}). Summary of ERRBS performance for individual samples is shown in [S2 Table](#pone.0186873.s002){ref-type="supplementary-material"}. An average of 3.5 million Illumina sequencing reads were generated per sample; of these, 73% were mapped to either strand of the mouse genome (mm9). ERRBS covered an average of 31 million cytosines and 2.3 million CpGs per sample. It is noted that the average percentage of cytosine methylated in CpG context is lower in the DBP treated group than that in the control group (35.2% *vs*. 40.7%), indicating an overall hypomethylation effect induced by DBP ([S2 Table](#pone.0186873.s002){ref-type="supplementary-material"}). The overall distribution of sequencing read at gene promoters and annotated CpG islands are shown in [S3 Fig](#pone.0186873.s007){ref-type="supplementary-material"}. The percentage of promoters covered with sequencing depth ≥ 10 × is 57% and the percentage of CpG islands 90%.

Effect of DBP treatment on DNA methylation {#sec010}
------------------------------------------

Comparative methylation analysis was conducted between DBP and DMSO-treated groups to identify global DNA methylation differences using MethylKit (version 0.9.2) R package \[[@pone.0186873.ref030]\]. Function "normalizeCoverage" was applied which normalizes read coverages between samples to avoid bias introduced by systematically more sequenced samples. Our results showed that there was a high degree of correlation among all of the samples as the pair-wise Pearson correlation coefficients ranged from 0.95--0.97 (data not shown). Both unsupervised analyses of hierarchical clustering (1-Pearson correlation distance + Ward clustering method) ([Fig 1A](#pone.0186873.g001){ref-type="fig"}) and principal component analysis (PCA) revealed a tendency of clustering in DBP-treated samples but much less tendency in control samples ([Fig 1B](#pone.0186873.g001){ref-type="fig"}). Stacking bar plots in [Fig 1C](#pone.0186873.g001){ref-type="fig"} show the percentages of hypermethylated and hypomethylated sites out of all covered CpGs for each chromosome (Chr). Solid bar represents proportion of hypermethylation and open bar represents hypomethylation relative to control (DMSO-treated group). Chr19 has the highest percentage of combined hyper- and hypo-methylated region per chromosome, followed by Chr14, Chr5, Chr8, Chr7, Chr4 and Chr2. Only CpGs with *q*-value \<0.01 and methylation difference ≥ 25% are shown. About 23% of DMS are located in promoters, 13% in exons, 43% in introns and 20% in intergenic regions ([Fig 1D](#pone.0186873.g001){ref-type="fig"}).

![Analysis of methylation data obtained by ERRBS in oral tissues of mice treated with DBP or DMSO.\
(A) Unsupervised analysis of DNA methylation using hierarchical clustering. Distance  =  1-Pearson correlation, Ward\'s agglomeration method. Cluster: filtered (count \> = 10, coverage \< = 99.9^th^ percentile), normalized, destranded. (B) Principal component analysis (PCA) of methylated data. (C) Percentage of hyper- and hypo-methylated sites out of all covered CpGs per chromosomes (Chr). Solid bar represents proportion of hypermethylated sites and open bar represents hypomethylated ones. Filtered, normalized, destranded, *q* \< 0.01, % methylation difference \> 25%. (D) Annotation of differential methylation distribution.](pone.0186873.g001){#pone.0186873.g001}

The methylation analysis was performed using strict parameters (*q*-value \< 0.01, 25% methylation difference, minimum depth of 10) and the default "unite" function in the methylKit® packaget, which requires every sample in the comparison to have the methylation site call. With these parameters, only 30 differential methylation sites were identified as shown in [Table 1](#pone.0186873.t001){ref-type="table"} (full table of genomic results was included in [S3 Table](#pone.0186873.s003){ref-type="supplementary-material"}). Thus, we relaxed the 25% methylation difference to 10% and 48 differential methylation sites were identified ([S4 Table](#pone.0186873.s004){ref-type="supplementary-material"}). DMS were mapped to genes including pyruvate kinase, muscle (*Pkm*), β-catenin (*Ctnnb1*), and fibroblast growth factor 3 (*Fgf3*) that are known to be involved in tumor development including OSCC.

10.1371/journal.pone.0186873.t001

###### List of differentially methylated sites identified in histologically normal oral tissues of mice treated with DBP (methylation difference \> 25%).

![](pone.0186873.t001){#pone.0186873.t001g}

  Feature name   Gene            Methylation Difference[\*](#t001fn001){ref-type="table-fn"}   Prom   Exon   Intron   Distance to Feature
  -------------- --------------- ------------------------------------------------------------- ------ ------ -------- ---------------------
  NM_028417      Ttc9b           47.82836211                                                   0      0      1        3885
  NM_011099      Pkm             43.38028169                                                   1      0      1        396
  NM_001010836   Ppp1r13l        43.26828307                                                   0      1      0        8827
  NM_009498      Vamp3           38.83295195                                                   0      0      1        -71795
  NM_174854      Disc1           36.25                                                         0      0      1        158596
  NM_174854      Disc1           35.31559729                                                   0      0      1        158606
  NM_026796      Smyd2           32.76743337                                                   0      1      0        48511
  NM_001165902   Ctnnb1          31.54929577                                                   1      0      1        913
  NM_001081278   Tbc1d4          31.30134429                                                   1      1      0        65
  NM_026675      Nudt22          29.09571077                                                   1      1      0        729
  NM_001145857   Lrp4            25.92592593                                                   1      0      0        -378
  NM_017467      Zfp316          25.29163315                                                   0      0      0        -17980
  NR_040542      1700036G14Rik   -26.90181336                                                  0      0      0        -130664
  NM_001195268   Cbarp           -27.81201849                                                  0      1      0        5372
  NR_040704      4930563F08Rik   -28.34737828                                                  0      0      1        -162625
  NM_201361      Rmdn2           -28.51253865                                                  0      0      1        48092
  NM_001164352   Efemp2          -28.94927536                                                  1      0      1        582
  NM_015748      Slit1           -30.37280702                                                  0      0      1        67038
  NM_030022      Grifin          -30.91515531                                                  0      0      0        15755
  NM_001101546   Tmem233         -31.0515873                                                   0      0      1        -84149
  NR_035421      Mir1190         -31.69848585                                                  0      0      1        39110
  NM_008721      Npdc1           -32.82083139                                                  0      1      0        -3532
  NM_028658      Ppp1r21         -33.67514356                                                  0      0      1        23064
  NM_198423      Bahcc1          -34.74658869                                                  0      0      0        -11592
  NM_001033267   Qrich2          -36.78972713                                                  0      0      0        -2322
  NM_177150      Cenpt           -37.08920188                                                  0      0      1        1277
  NM_008007      Fgf3            -37.63736264                                                  0      0      0        -10072
  NM_183175      C1qtnf9         -39.23549718                                                  0      0      1        -44173
  NM_028658      Ppp1r21         -42.79624893                                                  0      0      1        23042
  NM_013848      Ermap           -43.33333333                                                  1      0      0        -839

\*(+): hypermethylation; (-): hypomethylation

Correlation between DNA methylation and gene expression {#sec011}
-------------------------------------------------------

The impact of DNA methylation changes on gene expression was determined by RT-PCR using TaqMan® primer/probe sets. The hypermethylated genes *Pkm*, *Ppp1r13l* \[protein phosphatase 1, regulatory (inhibitor) subunit 13 like\], *Vamp3 (*vesicle-associated membrane protein 3), *Ctnnb1*, and *Tbc1d4* (BC1 domain family, member 4) and hypomethylated genes *Ppp1r21* (protein phosphatase 1, regulatory subunit 21), *C1qtnf9* (C1q and tumor necrosis factor related protein 9), *Fgf3* and *Efemp2* (epidermal growth factor-containing fibulin-like extracellular matrix protein 2) were selected. These genes are either known components of the signaling cascades linked to the top canonical pathways (*Ctnnb1*, *Vamp3*, *Fgf3 and Pkm*) or are potentially relevant for establishment of malignant transformation. [Fig 2A and 2B](#pone.0186873.g002){ref-type="fig"} show the relative expressions of selected hypermethylated and hypomethylated genes in oral tissues treated with DBP *vs* DMSO, respectively (*n* ≥ 3 per group). Among them, gene expression changes of *Fgf3* (2.4×), *Vamp3* (0.49×) and *Ppp1r21* (0.51×) were most prominent; *Pkm* (0.80×), *Ppp1r13I* (0.80×), *Efemp2* (0.89×) and *C1qtnf9* (1.3×) were less prominent; and no changes were observed in *Ctnnb1* and *Tbc1d4*. The changes of gene expression levels of *Fgf3* and *Vamp3* are consistent with their alterations in DNA methylation: single base hypomethylation (152014445, methylation differences = -37.63, intergenic region) and hypermethylation (150503856, methylation differences = 38.83, intron region), respectively. It was also noted that *Ppp1r21* was hypomethylated but gene expression was decreased.

![Relative gene expressions by quantitative real-time PCR in oral tissues of mice treated with DBP or DMSO.\
The relative expressions of (A) hypermethylated genes (*Pkm*, *Ppp1r13I*, *Vamp3*, *Ctnnb1 and Tbc1d4*) and (B) hypomethylated genes (*Ppp1r21*, *C1qtnf9*, *Fgf3*, *Efemp2*) identified in ERRBS were determined using the 2 ^-ΔΔCt^ method. Bars represent the mean normalized expression (±SD) of genes in DBP-treated mice relative to control. Data were normalized using endogenous housekeeping genes as the reference and untreated control as the calibrator (with expression equal to 1).](pone.0186873.g002){#pone.0186873.g002}

Since aberrant DNA methyltransferases (*Dnmts*) activity has been reported in numerous cancers \[[@pone.0186873.ref033]--[@pone.0186873.ref035]\], we examined the expression of the 3 major *Dnmts*: *Dnmt1*, *Dnmt3a and Dnmt3b* which are known to be involved in DNA methylation maintenance (*Dnmt1*) or *de novo* methylation (*Dnmt3a* and *Dnmt3b*). However, no significant gene expression changes were observed between DBP and vehicle treatments (data not shown).

Immunohistochemistry of FGF3 in normal oral tissues and OSCC {#sec012}
------------------------------------------------------------

*Fgf3* has the most prominent gene expression changes among all the genes examined by RT-PCR and has been reported to be amplified in head and neck cancers \[[@pone.0186873.ref036]--[@pone.0186873.ref038]\]. To examine if hypomethylation and gene amplification of *Fgf3* will also result in changes in protein expression, FGF3 expression was examined by immunohistochemistry. Both oral tissues from mice treated with DBP or DMSO for 5 weeks (*n* ≥ 3 per group) were histologically normal as determined by H&E staining (data not shown). We found that FGF3 immunostaining was negative in all of the normal oral epithelial cells, regardless of DBP or DMSO treatments or duration of treatments (5 or 38 weeks) ([Fig 3A](#pone.0186873.g003){ref-type="fig"}). When comparing FGF3 immunostaining in the stroma of normal oral tissues by semiquantitative H-score (staining intensity × percentage of positive cells), no significant differences were noted between DBP and DMSO treatments at either 5 or 38 weeks (*p* = 0.612 and 0.555, respectively, *n* ≥ 4, two tailed *t-test*). However, we found that H-scores obtained at 38 weeks were significantly higher than those obtained from 5 weeks in both DBP and DMSO-treated groups (*p* = 0.002 and 0.009, respectively; *n* ≥ 4, two tailed *t-test)*. These results indicated that increases of FGF3 expression in the stroma of normal oral tissues appeared to be time dependent.

![**Immunohistochemical reactivity for FGF3 in (A) normal oral tissues and (B) oral squamous cell carcinoma (OSCC) obtained from mice treated with DBP**. A: normal oral tissues showing no positive immunostaining in epithelial cells but diffuse positive cytoplasmic staining in interstitial macrophages and fibroblasts (600×). B: OSCC induced by DBP exhibiting positive FGF3 immunostaining in tumor cells (marked with asterisk\*) and stroma (marked with \#) (600×).](pone.0186873.g003){#pone.0186873.g003}

We further examined the expression of FGF3 in OSCC induced by DBP after 38 weeks of treatment; these tumors were obtained from our previous study \[[@pone.0186873.ref005]\]. We found that 5 of 5 animals (100%) with OSCC showed positive FGF3 immunostaining ([Fig 3B](#pone.0186873.g003){ref-type="fig"}); among 8 OSCC, 5 show positive staining (62.5%). The expression of FGF3 protein in the tumor cells but not in the normal oral epithelium cells suggested that *Fgf3* hypomethylation is an early response to DBP treatment.

Discussion {#sec013}
==========

Genetic and epigenetic alterations at end stage OSCC formation could be considered a consequence of cancer development and may not provide biomarker for early detection of the disease. Therefore, in the present study, we utilized ERRBS technique to examine genome-scale DNA methylation alterations in histologically normal oral tissue of mice treated topically with DBP under the conditions known to induce the maximum levels of DNA damage in the target organ \[[@pone.0186873.ref027]\]; such damage was essential to induce OSCC \[[@pone.0186873.ref005], [@pone.0186873.ref028]\]. By querying more than 2 million CpG sites, our study identified 30 and 48 differentially methylated loci using \> 25% and 10% differences, respectively. These DMS were mapped to genes including *Fgf3*, *Ctnnb1* and *Pkm*, known to be involved in cancer-related pathways. Our results indicate that DBP can induce aberrant DNA methylation in histological normal oral tissues of mice prior to the detection of OSCC. At the protein level, a positive Fgf3 immunostaining was observed in OSCC-induced by DBP but not in normal oral epithelial cells suggesting that *Fgf3* hypomethylation is an early response to DBP treatment.

It has been reported that cytosine methylation may enhance the formation of DNA adducts at CpG site \[[@pone.0186873.ref014], [@pone.0186873.ref039]\], suggesting that the methylation status can influence the levels of DNA adducts formed which may, in turn, alter DNA methylation. Formation of DNA adducts derived from BaP, the most extensively studied prototype PAH found in tobacco smoke, has been linked to aberrant DNA methylation in several experimental systems \[[@pone.0186873.ref015], [@pone.0186873.ref040]\]. Using methylated CpG island recovery assay (MIRA) combined with microarray analysis, Tommasi et. al, reported the detection of aberrant DNA methylation in seminal vesicles of apparently asymptomatic mice treated with BaP for 6 weeks; moreover, 72% of these aberrant methylation CpG islands coincide with those identified in tumors \[[@pone.0186873.ref041]\]. However, none of the 30 differentially methylated sites identified in our study coincide with those identified in their study. Although the effects of DNA adducts on DNA methylation may vary depending on the species and types of target organ examined, it is possible that the differences between structures and levels of DNA adducts (or other types of DNA damages) induced by BaP and DBP may alter the patterns and extent of changes in DNA methylation. The ultimate carcinogenic diol-epoxide metabolites of BaP are known to react with DNA to form covalent adducts preferentially at the N2 position of deoxyguanosine (dG), and to a lesser extent, at N6 position of deoxyadenosine (dA); however, our previous studies unequivocally showed preferential DBP adducts formation at dA than dG \[[@pone.0186873.ref027]\]. Although other types of DNA damage induced by DBP have not been examined in the mouse oral cavity but similar to other PAH carcinogens, DBP can undergo metabolic activation to generate ROS and radical cations which may also contribute to aberrant DNA methylation observed in this study. Moreover, the DNA damage induced by DBP may also cause other epigenetic effects not examined in this study, such as histone modifications, chromatin remodeling and/or microRNA gene modulation, which may trigger the changes in DNA methylation.

Carcinogens may dysregulate DNA methylation machinery *via* alterations of DNA methyltransferases expression or activity. Several lines of evidence have demonstrated that the reactive diol-epoxide metabolites of BaP bind preferentially to methylated CpG sites \[[@pone.0186873.ref014]\] and inhibit DNA methyltransferases activity, thereby, possibly interrupting the establishment and/or maintenance of DNA methylation patterns \[[@pone.0186873.ref042]\]. In contrast to BaP, the tobacco-specific carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) was found to increase *Dnmt1* expression/activity which was implicated for the hypermethyation (gain of methylation) of several tumor suppressor genes (e.g. *p16*^*ink4A*^ and *Rarβ*) frequently occurred in both NNK-exposed rodent lung tumors and in smokers who developed lung cancer \[[@pone.0186873.ref033], [@pone.0186873.ref043]\]. Under the conditions used in this study, changes observed (fold of changes ≥ 2 or ≤ 0.5) in mRNA expression of *Dnmt1*, *Dnmt3a* and *Dnmt3b* after treatment with DBP for 5 weeks were not significant (data not shown). Whether DBP can alter the activity of DNA methyltransferases remains to be determined.

By real-time qPCR, we further examined the expression of selected genes (*Pkm*, *Ppp1r13l*, *Vamp3*, *Ctnnb1*, *Tbc1d4*, *Ppp1r21*, *C1qtnf9*, *Fgf3* and *Efemp2*) that are known to be involved in the tumor development or potentially relevant for establishment of malignant transformation. We found that *Fgf3* (2.4 ×), *Vamp3* (0.49 ×) and *Ppp1r21* (0.51 ×) showed the most prominent gene expression changes. The functions of *Vamp3* and *Ppp1r21* in carcinogenesis have not been reported and their roles in the development of OSCC need to be explored in future investigations.

*Fgf3* belongs to the large fibroblast growth factor superfamily which consists at least 22 different fibroblasts growth factor genes and possess broad mitogenic cell survival activities and several of them are associated with malignant transformation \[[@pone.0186873.ref044]\]. Frequent amplification of the *Fgf3* gene has been found in human tumors including head and neck cancer and implicated for neoplastic transformation and tumor progression \[[@pone.0186873.ref036]--[@pone.0186873.ref038]\]. *Fgfs* signaling are also involved in the regulation of epithelial mesenchymal transition (EMT) pathways \[[@pone.0186873.ref045], [@pone.0186873.ref046]\]. Recent studies suggest the presence of EMT may be a predictor of OSCC progression and prognosis and the expression of mesenchymal genes with tumor progression is often accompanied by an increase in cell motility and the loss of epithelial features \[[@pone.0186873.ref047]\]. These EMT features are seen not only in cases of OSCC progression, but also oral epithelial dysplasia \[[@pone.0186873.ref048]\], suggesting EMT changes may be found early in the development of OSCC. Epigenetic alterations can drive the transitions between either ends of EMT spectrum \[[@pone.0186873.ref049]\]. Thus, modulation of DNA methylation of genes involved in EMT pathway may prevent the progression of tumor development.

Conclusion {#sec014}
==========

Our study has allowed unbiased assessment of global DNA methylation changes. Moreover, DNA methylation, gene expression and immunohistochemistry of *Fgf3* in a well-defined animal model of OSCC indicated that aberrant DNA methylation of *Fgf3* occurred early in oral carcinogenesis induced by DBP. Amplification of *Fgf3* gene has been found in human head and neck cancer and thus hypomethylation of *Fgf3* may serve as a potential biomarker for early detection of OSCC.
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###### Histograms of CpG coverage in oral tissues of mice treated with DMSO (control) or DBP.

Top panel: control \#1, control\#2 and control\#3; bottom panel: DBP\#1, DBP\#2 and DBP \#3.
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###### Histograms of percentage of CpG methylation ratio (forward and reverse strand) in oral tissues of mice treated with DBP or DMSO (control).

An average of more than 2 million CpG dinucleotides with at least 10× coverage was examined. The overall distributions of methylation level are bimodal.

(TIF)
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###### The overall distribution of sequencing read at gene promoters and annotated CpG island.
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